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[1] A magnetic reconnection event with a moderate guide field encountered by Cluster in
the near-Earth tail on 28 August 2002 is reported. The guide field points dawnward during
this event. The quadrupolar structure of the Hall magnetic field within the ion diffusion
region is distorted toward the northern hemisphere in the earthward part while toward the
southern hemisphere tailward part of X-line. Observations of current density and electron
pitch angle distribution indicate that the distorted quadrupolar structure is formed due to a
deformed Hall electron current system. Cluster crossed the ion diffusion region from south
to north earthward of the X-line. An electron density cavity is confirmed in the northern
separatrix layer while a thin current layer (TCL) is measured in the southern separatrix
layer. The TCL is formed due to electrons injected into the X-line along the magnetic field.
These observations are different from simulation results where the cavity is produced
associated with inflow electrons along the southern separatrix while the strong current
sheet appears with the outflow electron beam along the northern separatrix. The energy
of the inflowing electron in the separatrix layer could extend up to 10 keV. Energetic
electron fluxes up to 50 keV have a clear peak in the TCL. The length of the separatrix
layer is estimated to be at least 65 c/wpi. These observations suggest that electrons could
be pre-accelerated before they are ejected into the X-line region along the separatrix.
Multiple secondary flux ropes moving earthward are observed within the diffusion region.
These secondary flux ropes are all identified earthward of the observed TCL.
These observations further suggest there are numerous small scale structures within
the ion diffusion region.

Citation: Wang, R., et al. (2012), Asymmetry in the current sheet and secondary magnetic flux ropes during guide field magnetic
reconnection, J. Geophys. Res., 117, A07223, doi:10.1029/2011JA017384.

1. Introduction

[2] Magnetic reconnection is believed to be the primary
candidate for many explosive phenomena in space and lab-
oratory plasmas, during which magnetic energy is efficiently
converted by accelerating and heating charged particles and
the magnetic field topology changes. In the course of colli-
sionless magnetic reconnection, the ideal frozen-in condition
is violated in the diffusion region. In the ion diffusion
region, ions are demagnetized while magnetized electrons
still move toward the smaller electron diffusion region where
electrons are demagnetized also. The decoupling of ions
from the magnetized electrons leads to Hall quadrupolar
magnetic field and Hall electric field [Sonnerup, 1979;
Terasawa, 1983]. This type of quadrupolar magnetic field
structure could expand far away from the X-line along the
outflow direction [Fujimoto et al., 1997; Nagai et al., 2001,
2003]. In situ spacecraft observations have shown that the
energy of the inflow electron beam along the separatrices is
very low. The typical energy of the electron beam is about
several hundred eV, and the highest energy is less than
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5 keV [Nagai et al., 2001, 2003]. The correlated reversals
of the ion flows and the reconnected magnetic field as well
as Hall electric and magnetic field have been reported by
many observational studies [Øieroset et al., 2001; Nagai
et al., 2001; Mozer et al., 2002; Nagai et al., 2003; Runov
et al., 2003; Deng et al., 2004; Vaivads et al., 2004; Borg
et al., 2005; Nakamura et al., 2006; Eastwood et al.,
2010a; Wang et al., 2010a]. However, recent simulations
indicate that a guide field can dramatically affect the particle
dynamics and the structure of the Hall electric field as well
as Hall magnetic field in the ion diffusion region
[Karimabadi et al., 1999; Pritchett, 2001, 2005; Rogers
et al., 2003; Pritchett and Coroniti, 2004; Ricci et al.,
2004; Swisdak et al., 2005; Huba, 2005; Fu et al., 2006;
Huang et al., 2010], although it does not alter the recon-
nection rate and the in-plane magnetic field very much
[Hesse et al., 2002; Rogers et al., 2003; Pritchett and
Coroniti, 2004; Ricci et al., 2004; Huba, 2005; Fu et al.,
2006]. Up to now, little attention has been paid to the
guide field effect on magnetic reconnection in the spacecraft
observational research of the magnetotail. The distorted Hall
magnetic field and electric field during a guide field mag-
netic reconnection has been confirmed by Cluster in the
magnetotail [Eastwood et al., 2010b]. In another reconnec-
tion event with a weak guide field, the out-of-plane magnetic
field still looks like the typical quadrupolar structure if the
guide field is removed [Aunai et al., 2011]. An asymmetric
current sheet was reported during a magnetic reconnection
with a strong guide field [Nakamura et al., 2008], but the
spacecraft did not cross throughout the plasma sheet. So, the
particle dynamics during guide field reconnection, however,
is still poorly understood.
[3] Electron density cavities are another typical charac-

teristic during magnetic reconnection. They lie along the
four separatrices in anti-parallel symmetrical reconnection
[Shay et al., 2001; Rogers et al., 2003; Lu et al., 2010],
whereas in magnetic reconnection with a strong guide field
the cavities only appear along one pair of the separatrices
and might play an important role in accelerating electrons
[Pritchett and Coroniti, 2004; Pritchett, 2005, 2006; Cattell
et al., 2005; Drake et al., 2005; Lapenta et al., 2010]. In the
magnetotail, the cavity will be created in the northern lobe
earthward of the X-line and in the southern lobe tailward of
the X-line if the guide field points dawnward [Pritchett and
Coroniti, 2004; Pritchett, 2005, 2006]. The cavities have
been confirmed by spacecraft in the magnetotail and at the
magnetopause [Øieroset et al., 2001; Mozer et al., 2002;

André et al., 2004; Vaivads et al., 2004; Khotyaintsev et al.,
2006; Retinò et al., 2006; Nakamura et al., 2008; Lu et al.,
2010]. Previous observations just verified its existence;
however, whether the cavity structure will be modified by
the guide field hasn’t been confirmed by the spacecraft.
[4] Recent near-tail Cluster observation confirmed that

magnetic islands/flux ropes could be formed within the
center of a single reconnection diffusion region, called sec-
ondary magnetic island/flux rope [Wang et al., 2010b,
2010c]. This type of small scale secondary magnetic island
has also been observed in the Hall magnetic field region
[Eastwood et al., 2007]. The observations confirm the pre-
diction of PIC simulations where magnetic islands could be
produced continuously due to the expanded electron current
sheet in the equatorial plane of the diffusion region
[Karimabadi et al., 2005; Daughton et al., 2006]. Till now,
to our knowledge, the observed secondary magnetic islands/
flux ropes are all identified in magnetic reconnection without
any significant guide field [Eastwood et al., 2007; Wang
et al., 2010b, 2010c]. Besides, only a single secondary
magnetic island is detected within the ion diffusion region.
There is no observational evidence implying that secondary
magnetic islands could also be formed in guide field mag-
netic reconnection.
[5] In this study, a magnetic reconnection event in the

presence of a guide field, �30% of the magnetic field in the
plasma sheet boundary layer, is presented. Cluster [Escoubet
et al., 2001] crossed the earthward part of the ion diffusion
region from the southern hemisphere to the northern hemi-
sphere. This allowed us to study the electromagnetic struc-
ture and particle dynamics in detail during this crossing.

2. Observations and Analysis

[6] The spacecraft data used in this paper are obtained
from several instruments onboard Cluster. Magnetic field
data are taken from the FGM instruments of the four satel-
lites with 4 s and 1/22 s time resolutions [Balogh et al.,
2001], ion plasma data from the CIS (CODIF) instruments
of C1, C3 and C4 in 4 s resolution [Rème et al., 2001], and
electron pitch angle data from the HEEA sensors of the
PEACE instruments onboard C1 and C2 in the spin resolu-
tion [Johnstone et al., 1997]. The electron pitch angle data
are corrected for the spacecraft potential and re-binned in
pitch angle using the high-resolution magnetic field data.
The spacecraft potential used to deduce the electron density
is obtained from the EFW instruments of C1 and C2
[Gustafsson et al., 2001]. Electric and magnetic field wave
spectrograms are taken from the STAFF instruments of
C1 and C2 [Cornilleau-Wehrlin et al., 2003].
[7] During 09:30–11:10 UT on 28 August 2002, Cluster

was situated in the magnetotail at [�19, �2, 0] RE in the
GSM coordinates with the separation of about 4000 km. In
this interval, a guide field reconnection event has already
been identified [Eastwood et al., 2010a]. A large negative
IMF By (��8 nT) was observed for nearly 12 h before the
reconnection event (not shown). The relative spacing
between all four satellites of Cluster at 10:00 UT are shown
in Figure 1a. C4 is located in the northernmost and the
separation between C4 and C2 in z direction is
1202 km ≈ 0.2 RE ≈ 2.9 c/wpi (RE is the Earth radius and
c/wpi is ion inertial length, about 416 km for the density

Figure 1a. Cluster tetrahedron location at 10:00 UT on
28 August 2002 in y�z and x�z plane of the GSM coor-
dinates.
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0.3 cm�3). C1 is to the south of C2 with a separation dis-
tance of 492 km ≈ 0.08 RE ≈ 1.0 c/wpi. C3 is southernmost
and the distance between C3 and C1 in the z direction is
2129 km ≈ 0.3 RE ≈ 5.0 c/wpi.

2.1. Event Overview

[8] Figure 1b shows magnetic field and plasma data
between 09:30 and 11:10 UT with a color scheme of black,
red, green, and blue for C1, C2, C2, and C4. From top to
bottom, three components and magnitude of magnetic field,
x component of proton bulk flow vpx, electron energy-time
spectra from the PEACE instrument onboard C2 are pre-
sented. During the whole interval, Cluster crossed the central
current sheet several times. Using the minimum variance
analysis (MVA) and Timing method [Russell et al., 1983;
Sonnerup and Scheible, 1998; Schwartz, 1998], we find the
normal direction of the plasma sheet and minimum variance
direction are nearly parallel to the z axis of the GSM coor-
dinates. The maximum variance direction was within 9� of
the x direction of the GSM coordinates. So, the GSM coor-
dinates is used through this paper. In the initial interval

between 09:30 and 09:50 UT, C4, C2 and C1 crossed the
neutral sheet twice, while C3 was staying in the southern
hemisphere. During this interval, plasma bulk flows from the
spacecraft were very slow. By fluctuated at the four satellites
but the average stayed nearly constant �6 nT prior to the
onset of high speed flows. This out-of-plane magnetic field
called guide field (Bg) is polarity consistent with the IMF By.
In addition, electron energy spectra in the bottom of
Figure 1b imply there was no obvious asymmetric between
the northern hemisphere and the southern hemisphere
between 09:30 and 09:50 UT. From 09:50 to 10:13 UT (the
shadow area in Figure 1b), strong magnetic field oscillation
and high speed plasma flows were measured. During this
interval, high speed flows up to 800 km/s reversed from
tailward to earthward and were accompanied by negative-to-
positive reversal of Bz. The observations suggest that Cluster
crossed a reconnection site during the interval.
[9] Figure 1c shows By-Bg as a function of Bx and Vpx.

The data is taken from C4 between 09:53 and 10:13 UT
and from C1 and C3 in the earthward high speed flows
(C1 between 1007:31 and 1012:59UT, and C3 between

Figure 1b. Cluster observations between 09:30 and 11:10 UT on 28 August 2002 in GSM coordinates
are shown. Three components and magnitude of magnetic field with a color scheme of black, red, green
and blue for C1 to C4, x component of proton bulk flows vpx, and electron energy time spectra from
PEACE of C2. The shadow area signifies the time period while Cluster crossed the diffusion region.
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1007:34 and 1012:03 UT). Red (black) circles denote By-Bg

is positive (negative). The size of the circle corresponds to
the magnitude of By-Bg. It is very clear that the out-of-plane
magnetic field (By-Bg) displays an obvious quadrupolar
structure. But the quadrupolar structure is distorted. By-Bg

changes sign at about |Bx| ≈ 9 nT, unlike in the case of
antiparallel reconnection where the Hall magnetic field
changes signs at |Bx| ≈ 0 nT (in the neutral sheet). As we
show in the following sections, the distorted quadrupolar
structure of the Hall magnetic field could be caused by the
addition of the guide field Bg. Based on the correlated
reversals of Bz and Vpx as well as the clear quadrupolar
magnetic field, it could be concluded that Cluster passed

through a reconnection diffusion region from tailward to
earthward. A schematic illustration is presented in Figure 2.
Furthermore, the guide field (Bg = �6 nT) is about 30% of
the magnetic field in the plasma sheet boundary layer. Note
that there is a time delay between Bz and Vpx reversals,
which can be seen more clearly in Figure 3. One possible
reason for the delay is presented in the discussion section. It
is noticeable that Cluster crossed the diffusion region from
the south hemisphere to the north hemisphere in its earth-
ward part between 10:00 and 10:13 UT. In this paper, we
mainly concentrate on this crossing.

2.2. Crossing of the Earthward Part of the Ion
Diffusion Region

[10] Figure 3 shows electron density (Figure 3a), magnetic
field vectors and magnitude (Figures 3b–3e), current density
in x and y components obtained from Ampere’s law by
magnetic field of C4 and C2 (Figure 3f), electron current
density and electron velocity in x component (Figures 3g
and 3h), and proton bulk flows in x component during the
plasma sheet crossing from 10:00 to 10:13 UT (Figure 3i).
The electron density of C1 and C2 is deduced from the
spacecraft potential in 0.2 s resolutions and the density of C4
is from the PEACE instrument in 4 s resolution. The
deduced electron densities of C1 and C2 are consistent with
those from their PEACE instruments and are shown in
Figure 3a because of the higher time resolution. Due to the
large separation between the satellites, the Curlometer
technique could not be used here [Robert et al., 1998]. From
the magnetic field, however, all four satellites observed a
similar structure of the current sheet. That means the current
sheet is nearly stable during the crossing. So, the current
density still could be estimated from adjacent two satellites

by Ampere’s law: jx ≈ �DBy

mDz, jy ≈
DBx
mDz. Note that this estimate

is still likely to be quantitatively wrong if there is current
density structure on scales less than the separation between
C2 and C4, but it can be used to examine the qualitative
structure of the current density. Using the correlated mag-
netic field data of C2 and C4, we could derive the current

Figure 1c. By-Bg as a function of Bx and vpx. Black circles
correspond to By-Bg < 0 while red circles denote By-Bg > 0.
The size of the circle corresponds to absolute values of
|By-Bg|. The magnetic field and plasma data from C4 between
0953:14 and 1113:01 UT, from C1 between 1007:31 and
1012:59UT, and from C3 between 1007:34 and 1012:03 UT
are used to make this figure.

Figure 2. A schematic illustrator of the reconnection diffusion region and the trajectory of Cluster cross-
ing it are shown. The black line with arrow denotes magnetic field line. The black dashed line with arrow
signifies electron beam. The blue and green lines represent trajectories of C4, C2 and C1, C3. The red
thick line denotes the observed thin current sheet (TCL) with the width of ion inertial length. TCL was
located along the separatrix which is a line (in 2D projection) separating the reconnecting and reconnected
magnetic field. The black area means the density cavity in the separatrix layer.
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density shown in Figure 3f. Electron current density is cal-
culated as jex = enevex (only C4 and C2 have electron density
and velocity vector data). The three vertical dashed lines in
Figure 3 correspond to the times when the spacecraft (C2,
C1, and C3) started to enter into the negative Hall quadrant
on the earthward side, i.e., the southern separatrix layer. The
two vertical dotted lines embrace a Bz disturbance
(10:04:38–10:05:12 UT) only encountered by C2.
[11] In the beginning of this interval, all four satellites

remained in the southern hemisphere and measured a Bz

reversal from negative to positive at about 10:03 UT. One
minute later, Vpx at C4 reversed from tailward to earthward.
Nearly simultaneously, the Hall magnetic field By-Bg

became negative (the first vertical dashed line). After that,
Bx at C4 continued increasing from about �5 nT to 20 nT in
the end, accompanied by the reversal of Hall magnetic field
By-Bg at about 10:07:40 UT when Bx was about 9 nT. So,
C4 crossed the diffusion region from tailward to earthward
in the southern hemisphere, and then traversed the earthward
part of the ion diffusion region from south to north. Finally,
C4 was situated in the plasma sheet boundary layer
[Lennartsson et al., 2009]. Similar observations were
also made by C2 except the Bz disturbance (10:04:38–
10:05:12 UT) in the negative Hall quadrant. Moreover, C2
was just below C4 in z direction. So, only one blue curve is
used to show the trajectories of C4 and C2 in Figure 2.
Starting at �1006:08 UT (the second vertical dashed line)
for C1 and at about 1007:26 UT (the third dashed line) for
C3, they began to measure earthward high speed flows and
negative Hall magnetic field By-Bg, and then entered into
the ion diffusion region, respectively. That is to say, C1 and
C3 were in the southern separatrix layer at the times
1006:08 UT and 1007:26 UT, respectively. Afterwards,
C1 and C3, remaining south of C2, crossed the earthward
ion diffusion region from south to north also. During the
crossing (1006:08–10:11 UT for C1 and 1007:26–10:13 UT
for C3), they observed a reversal of By-Bg from negative to
positive as well. In the southern separatrix, both C1 and C3
measured that Vpx reversed from tailward to earthward. The
tailward proton bulk flows were much slower than the
earthward flows. In the initial intervals (10:00–1006:08 UT
for C1, and 10:00–1007:26 UT for C3), Bx at C1 and C3
remained around �20nT, By-Bg was about �6nT, and pro-
ton bulk flows Vpx were relatively low. Hence, C1 and C3
were located south of the diffusion region during the initial
intervals. The trajectories of C1 and C3 are also schemati-
cally shown in Figure 2 (green line). The time sequence of
the four satellites entering into the earthward diffusion
region is consistent with the relative position order of them
in the z direction.
[12] After having entered into the ion diffusion region, all

four satellites passed through the central plasma sheet in a
time sequence (C4-C2-C1-C3) and finally stayed in the
northern plasma sheet boundary layer. Therefore, the
velocity of the diffusion region in the z direction can be
calculated to be ≈�7.5 km/s by the timing method
[Schwartz, 1998]. C1 and C3 crossed the reconnection site in
south of the X-line around 10:03 UT when Bx held nearly
constant. Hence, the correlated Bz reversals observed by C1
and C3 enable us to estimate x component velocity of the
diffusion region to be �56.5 km/s. Because the velocity of
the diffusion region in x direction (Vx) is much larger than
that in z direction (Vz), the crossing points in the southern
separatrix are much closer to the X-line than the crossing
points in the northern separatrix, as indicated in Figure 2.
The distance in x direction between the crossing points of the
southern separatrix and northern separatrix for each satellite
is about 56.5 km/s � 5 min � 41 c/wpi.
[13] Figure 3a shows electron density from C4, C2 and

C1, and there is no data from C3 in this interval. The density
fluctuates around 0.3 cm�3 from 10:00 to 10:08 UT but there
is a sharp dip measured later by C4, C2 and C1 on the
northern boundary of the positive Hall magnetic field
quadrant, i.e., the northern separatrix. Within the density dip,
the magnetic field has a maximum, as shown in Figure 3e.

Figure 3. Magnetic field and plasma data during 10:00–
10:13 UT are presented. (a) Electron density of C1 and C2
derived from the spacecraft potential and electron density
of C4 is obtained from the PEACE instrument. (b–e) Three
components and magnitude of magnetic field. (f) The x
and y components of current density from Ampere’s law.
(g) The x component of electron current density of C4 and
C2. (h) The x component electron velocity from C4 and
C2. (i) The x component of proton bulk flows from C4,
C1 and C3. The three vertical dashed lines correspond to
the times when C2, C1, and C3 crossed the southern separa-
trix layer. The two vertical dotted lines involve a Bz distur-
bance encountered by C2.
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The density of C2 shows that it drops by �87% from the
level of 0.3 cm�3 observed in the diffusion region to
0.04 cm�3 inside the dip, and then returned to 0.1 cm�3 in
the plasma sheet boundary layer. The measurements indicate
that the density dip could be the density cavity as mentioned
in previous literature [ Øieroset et al., 2001; Mozer et al.,
2002; André et al., 2004; Vaivads et al., 2004; Khotyaintsev
et al., 2006; Retinò et al., 2006]. Within the cavity, there is
a weak current directed in the x direction (jx > 0, shown in
Figure 3f). The duration of the cavity is about 50 s. Thus,
we could obtain its thickness using Vz � Dtcavity = 7.5 km/s �
50 s ≈ 0.9 c/wpi, The proton density from CIS also display a
density dip in the northern separatrix (not shown here),
which further demonstrate the thickness of the cavity should
be ion inertial length scale. On the other hand, a thin current
layer (TCL) can be identified in the southern separatrix.
Figure 3f shows the current density calculated from mag-
netic field. It is obvious that there is a clear spike of the
current density in x and y components at about 10:04 UT
when C4 and C2 were located in the southern separatrix.
The current density jx is positive, which means it directs
away from the X-line. Jy could reach about 10 nA/m2,
which is comparable to the current density in the central
plasma sheet between 10:06 and 10:07 UT. The duration of
the TCL is about 70 s. Then, its thicknesses could be esti-
mated to be Vz � ΔtTCL = 7.5 km/s � 70 s ≈ 1.3 c/wpi.
However, the separation of C4 and C2 in z direction is
about 2.9 c/wpi, which is larger than the thickness of the
TCL. So, the current density derived from magnetic field of
the two satellites would be underestimated, which could be
found more clearly while we compare the current density
with electron current density in Figure 3g. Although the
current density is underestimated, the profile of the current
is evident. We will further discuss it in the following sec-
tions. Between the northern and southern boundaries, jy is
totally positive (dawn-dusk direction) and jx is almost neg-
ative except for several very short intervals, e.g., the period
when a Bz disturbance is encountered by C2.
[14] Other two satellites C1 and C3 also measured the

TCL (gradient in Bx) in the southern separatrix when they
crossed it, which will be further analyzed in Figure 5a. C4
and C2 first measured the TCL in the southern separatrix
layer at �10:04UT. C3 observed the TCL at last around
1007:26UT. Then, we can roughly assess the length of the
TCL LTCL = 56.5 km/s � 3 min 20 s ≈ 30 c/wpi. In the same
way, we could get the distance between the cavity observed
by C1 and the X-line. The distance is about 56.5 km/s �
8 min ≈ 65 c/wpi. The result indicates the separatrix layer
could extend far away from X-line. According to the
observations, it is evident that the density cavity is only
observed in the northern separatrix layer while in the
southern separatrix layer a thin current layer is measured
instead. These observations are different from simulation
results [Pritchett and Coroniti, 2004; Pritchett, 2005, 2006]
despite the fact that reconnecting magnetic field and the
direction of the guide field are consistent with those of
the observed reconnection event. In the PIC simulations,
the density cavity is only formed in the southern separatrix.
In the northern separatrix an electron current layer formed by
the outflow electrons is produced [Pritchett and Coroniti,
2004; Pritchett, 2005, 2006].

[15] Electron velocity and electron current density during
this crossing are also analyzed. Using the frozen-in condition
E = �Ve � B, we checked the reliability of the electron flow
velocity. The result indicates the data are basically reliable.
More details could be found in the discussion part.
Figures 3g and 3h present electron velocity and electron
current density jex = enevex from C4 and C2. The time
resolutions of C2 and C4 are 4 s and about 16 s, respectively.
There is no data from other two satellites in this interval.
From the electron velocity data of C2, electrons move in the
negative x direction in the southern (10:04 UT) and northern
separatrix (10:09 UT) layers, and vex can reach about
�1500 km/s. While within the Hall region (between the
southern and northern separatrices), electrons primarily
stream to the positive x direction and electron velocity could
get the maximum 2000 km/s around the region where By-Bg

changes sign from negative to positive. Based on the elec-
tron velocity distribution, it could be found clearly that
electrons are flowing into the X-line region along the
southern and northern separatrix layers while are ejected out
from the X-line between two separatrices. The outflow
electron has its highest velocity around the By-Bg reversal
region. Additionally, the maximum velocity of the outflow
electrons is larger than that of the inflow electrons. Using the
electron velocity, the electron current density could be
obtained during this crossing. The electron current density is
consistent with the current obtained from magnetic field. In
the southern and northern separatrices, the current is directed
away from the X-line while it flows into the X-line between
the boundaries. The electron current between the northern
and southern separatrices is most intense around the By-Bg

reversal region, and becomes very small within the cavity
due to the sudden density dip. The result from C4 is similar
to that from C2 even if the data resolution from C4 is so low
(�16 s). In both southern and northern separatrix, the
velocity of ion flows is close to 0 km/s. Hence, the current in
the separatrix layer is mainly carried by electrons.
[16] Even though the electron current density is more or

less consistent with the current density from magnetic field,
the magnitude of the electron current density is stronger, as
shown in Figures 3f and 3g. For example, in the southern
separatrix, the electron current density is about 30 nA/m2

while the current from magnetic field is less than 5 nA/m2 in
x component. Such difference might be caused due to the
large separation between C4 and C2, as mentioned above.
DZC4, C2 is about 2.9 c/wpi, which is larger than the thick-
ness of the thin current layer 1.3 c/wpi. Hence, the current
density from magnetic field is underestimated. In first panel
of Figure 5a, the current density calculated from Ampere’s
law by magnetic field of C2 and C1 is shown as well. The
separation between C2 and C1 in z component is about 1.0
c/wpi smaller than that of C4 and C2. Thus, the current
density became more intense (�20 nA/m2) than that from
C4 and C1. This enhancement of current density from C2
and C1 further indicates the current density from C4 and C2
is underestimated due to the large separation. Although the
current density is underestimated, the TCL in the southern
separatrix is still apparent.
[17] Electron density (Figure 4a), x and y components of

magnetic field (Figures 4b and 4c), high energy electron
omni-directional energy fluxes (>35 keV) (Figures 4d
and 4e), low to medium electron energy time spectra

WANG ET AL.: THIN CURRENT LAYER ALONG THE SEPARATRIX A07223A07223

6 of 14



(Figures 4f and 4g), and electron field-aligned anisotropic
distribution (100 eV � 23 keV) from C1 and C2 (Figures 4h
and 4i) are shown in Figure 4. The five vertical lines corre-
spond to the same times labeled in Figure 3. The electron
field-aligned anisotropic distribution is defined as (fa � fp)/
(fa + fp), where fa and fp are phase space density antiparallel
and parallel to the magnetic field respectively. Gaps in
Figures 4h and 4i denote no data in the parallel and/or
antiparallel directions. Since the electron distribution from
C4 (C3) are very similar to those from C2 (C1). Only the
electron distributions from C1 and C2 are shown. During the
earthward crossing of the ion diffusion region, the phase

space density in parallel and antiparallel directions is larger
than that in the perpendicular direction, which could be seen
in Figure 6. So, we only show field-aligned anisotropic
distribution in Figure 4. From Figure 4h, electrons from
800 eV to 10 keV at C2 are flowing parallel to the magnetic
field (blue) around the TCL (1003:40 � 10:04 UT). While
within the density cavity, electrons are moving antiparallel
to magnetic field (red, �10:09 UT). So, electrons are injec-
ted into the X-line along the southern (the TCL) and north-
ern (the cavity) separatrix layers. Between the TCL and the
cavity excluding the Bz disturbance labeled by two vertical
dotted lines, the electron field-aligned anisotropic distribu-
tion in energies from 1 keV to 10 keV is still clear. In the
southern hemisphere (1004:20–1007:20 UT) excluding the
disturbance, many spiky red regions (above 1 keV) could
be found. While in the northern hemisphere (1007:20–
1008:40 UT), several clear blue regions (above 1 keV) are
found. These observations indicate electrons are mainly
flowing out from the X-line between the northern and
southern separatrix layers. The energy of the outflow elec-
trons could reach 20 keV around the By-Bg reversal region.
The highest energy of the inflow electron could extend up to
10 keV in the TCL and cavity. In the plasma sheet boundary
layer, electrons also display field-aligned anisotropy but the
energy of the electrons becomes lower. A similar electron
distribution was measured by C1. In Figures 4d and 4e,
fluxes of energetic electrons (>35 keV) are enhanced around
the center of the plasma sheet. The fluxes are very high also
in the By-Bg reverse region. In the TCL (around the first
vertical dashed line for C2 and the second dashed line for
C1), the level of the fluxes becomes lower but there is a clear
peak there. The fluxes gradually decreased as the spacecraft
approached the cavity and became very low within the
cavity.
[18] Figure 5a shows the current density ( jk, j?) estimated

from Ampere’s law using the magnetic field data of C2 and
C1, two components of electric field (Ex, Ey) in the space-
craft Inverted Spin Reference (ISR2) coordinates, fluxes of
energetic electrons, electron field-aligned anisotropic distri-
bution, electron energy spectra, and wave spectrogram of
magnetic field as well as electric field from C1 around the
TCL. Except for the first panel presenting the electron den-
sity, Figure 5b shows the data from C2 inside the cavity in
the same format as Figure 5a. From the first panel of
Figure 5a, the TCL primarily consisted of the current anti-
parallel to magnetic field. At the same time, a strong electron
inflow from 600 eV to 10 keV parallel to magnetic field is
measured (blue area). Hence, the observed TCL is formed by
the inflow electron. The energy of the inflow electron
reaches up to 10 keV which is the upper energy limit of the
PEACE instrument at that time. Furthermore, energetic
electron fluxes in the energy channels of 37–95 keV have an
obvious peak within the TCL. On the other hand, an
inflowing electron antiparallel to the magnetic field is mea-
sured in the cavity (red area), as shown in the fourth panel of
Figure 5b. The energy of the electron can extend up to
7 keV. The fluxes of energetic electrons are low within the
cavity, yet there is a slight increase within the cavity for the
first two energy channels, especially for the second energy
channel (51–68 keV). According to the observations, elec-
trons could be accelerated while stream into the X-line along
the southern and northern separatrix layers. The energy of

Figure 4. Electron energy spectra, field-aligned anisotropic
distribution and energetic electron fluxes are shown in the
same time interval as in Figure 3. The five vertical lines cor-
respond to the same times as in Figure 3 also. Electron den-
sity, x and y components of magnetic field, energetic
electron fluxes (>35 keV) from C2 and C1, electron energy
spectra and electron field-aligned anisotropic distribution
(fa � fp)/(fa + fp) from C2 and C1 are shown from top to bot-
tom. Here fa and fp are the phase space density antiparallel
and parallel to magnetic field, respectively.
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the inflow electron could reach 10 keV. The energy of the
inflow electrons might extend to higher energies based on
the energetic electron fluxes in both regions. In both the
TCL and the cavity, electric field becomes stronger. The
maximum of the electric field within the cavity can reach
20 mV/m. The waves below the lower hybrid frequencies
(black curves in the bottom two panels of Figures 5a and 5b)
are intensified also. In addition, the electron energy spectra
(the fifth panels in Figure 5) also show the electron energy
fluxes become intense in the TCL while weak in the cavity.

According to these observations, it seems that more ener-
getic electrons are observed in the TCL than in the cavity.
[19] Figure 6 shows several typical electron pitch angle

distributions in three regions the TCL (Figure 6a), By-Bg

reversal region (Figure 6b), and the cavity (Figure 6c). The
black, dashed, and red lines correspond to the phase space
density (PSD) in parallel, perpendicular and antiparallel to
magnetic field. The dotted line is the one count level. In the
TCL, the PSD parallel to magnetic field is larger than other
two directions at energies larger than 1 keV. In the cavity,

Figure 5. (a) Jk and J? components of current density estimated from Ampere’s law by magnetic field
data of C1 and C2, two components (Ex, Ey) of electric field in ISR2 coordinates, energetic electron fluxes,
electron field-aligned anisotropic distribution, electron energy spectra, wave spectrogram of magnetic field
and electric field from C1 around the thin current sheet (TCL) in the southern separatrix layer are shown.
(b) Electron density, two components of electric field, energetic electron fluxes, electron field-aligned
anisotropic distribution, electron energy spectra, and wave spectrogram of magnetic field and electric field
from C2 around the density cavity in the northern spearatrix layer is presented. The curves in the last two
panels denote the lower hybrid wave frequencies.
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the PSD antiparallel to magnetic field is higher than other
directions at energies larger than 800 eV. This distribution
indicates electrons are injected into the X-line in these
regions. The energy of the inflow electron can exceed
10 keV sometimes. In the By-Bg reversal region, the PSD
(>1 keV) in the parallel direction is higher than in the per-
pendicular and antiparallel directions. So, electrons are
flowing out from the X-line along the magnetic field. Elec-
trons display a flat-top distribution between the northern and
southern separatrices. The shoulder energy is about between
100 eV to 2 keV. This distributional feature could be seen in
Figure 6b. The non-isotropic electron outflow has also been
observed recently in other reconnection events [Borg et al.,
2012; Wang et al., 2010a].

2.3. Multiple Secondary Magnetic Flux Ropes

[20] Figure 7 represents magnetic field and electron den-
sity in the interval 10:06–10:09UT when the four satellites
were located within the plasma sheet. In this interval, three
evident bipolar signatures of Bz with sign changes are mea-
sured separately, as labeled by three vertical dotted lines in
the figure. In the first and third bipolar Bz, electron density
has a clear peak. For the second bipolar Bz, although no
obvious electron density peak, the density was enhanced
around the bipolar Bz also. In the first two bipolar Bz sig-
natures, the out-of-plane magnetic field (core magnetic field
By) was very strong. Especially, there was a clear peak of
By in the second bipolar Bz. In the third bipolar Bz signature,
|By| became very weak, only about 6 nT. Nevertheless, there
was a core magnetic field within all three bipolar Bz sig-
natures. Thus, the three bipolar Bz correspond to three
magnetic flux ropes within the ion diffusion region, called
secondary magnetic flux ropes [Wang et al., 2010b, 2010c].
The Bz perturbation changes sign from negative to positive,
which indicates all the flux ropes are moving earthward.
Three secondary magnetic flux ropes are all measured in the
southern hemisphere (Bx < 0) after the spacecraft passed
through the TCL, while in the northern hemisphere, no

Figure 6. Electron pitch angle distribution in three regions: (a) the thin current sheet (TCL) in the south-
ern separatrix layer, (b) outflow electron region (around the region where By-Bg changes sign from nega-
tive to positive) and (c) the density cavity. The black, dashed, and red lines correspond to the phase space
density in parallel, perpendicular and antiparallel to magnetic field. The dotted line is the one count level.

Figure 7. Electron density and magnetic field data are
shown. The three vertical dotted lines correspond to three
bipolar Bz (Fr1, Fr2 and Fr3) with sign change.
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significant bipolar Bz involving sign change are detected,
even though the spacecraft also stayed there for a long time.
The durations for the secondary magnetic flux ropes (Fr1,
Fr2 and Fr3) are only 7 s, 10 s and 3 s, respectively. The
distance between C4 and C2 in z direction is about 2 c/wpi.
C4 is located tailward of C2. However, no substantial
bipolar Bz was observed by C4 before C2 measured the first
island. So, the island size is about ion inertial length scale at
most. The temporal spacing between any two adjacent flux
ropes was about 40 s ≈ 8 Ti (Ti proton cyclotron period).

3. Discussion

[21] The satellites C4, C1 and C3 detected reversals of
x component of proton bulk flows vpx in the southern
separatrix in turn. Whereas they observed reversals of Bz

almost at the same time (about 10:03 UT). Besides, there is a
time delay between the reversals of vpx and Bz for each sat-
ellite. The time span between reversals of Bz and Vpx are
nearly 1, 3, and 4 min for C4, C1, and C3, respectively. In
other words, the farther the spacecraft leaves away from the
neutral sheet in the southern hemisphere, the longer the time
span between Bz and Vpx is. One possible reason for the time
delay is the presence of the guide field. In antiparallel
magnetic reconnection, the reconnected magnetic field and
accelerated ion are jetting symmetrically from the X-line
along the �x axis. So, the coincident reversals of vpx and Bz

will be observed as long as the spacecraft crosses the diffu-
sion region along the x axis. However, ion dynamics is
severely changed in guide field reconnection from numerical
simulations [Karimabadi et al., 1999; Pritchett, 2001, 2006;
Rogers et al., 2003; Pritchett and Coroniti, 2004; Ricci
et al., 2004; Huba, 2005; Huang et al., 2010]. In the simu-
lations where the reconnecting magnetic field and the
direction of the guide field is consistent with our reconnec-
tion event in the tail, ions flow earthward above the lower
left and upper right separatrices while ions stream tailward
below the pair of the seperatrices [Pritchett and Coroniti,
2004, Figure 9a]. Although the ion flows are deflected, the
in-plane magnetic field isn’t alerted [Pritchett and Coroniti,
2004; Hesse et al., 2002]. As a result, the spacecraft will
measure vpx reversals in the separatrix and a time delay of
the reversals between vpx and Bz, as it crosses the diffusion
region along the x direction. The mechanism for the deflec-
tion of ion flows in guide field reconnection remains an
issue. One explanation is that the Ez component resulting
from the charging of separatrices cause the ion flow deflec-
tion [Pritchett and Coroniti, 2004].
[22] Asymmetrical structure of the Hall quadrupolar

magnetic field is investigated during this guide field recon-
nection. The quadrupolar structure is still clear but distorted
to the northern hemisphere in the earthward part while to the
southern hemisphere in the tailward. The Hall current system
is examined in detail also by the current density estimated
from electron moments and magnetic field. In the northern
and southern separatrix layers, electrons flowing into the
X-line are measured. While, between the northern and
southern separatrices, electrons are mainly flowing out from
the X-line. The outflow electrons are most evident around the
By-Bg reversal region, where the current density resulting
from the outflow electrons has the maximum. In other words,
the outflow electron current is deflected to the northern

hemisphere. It contrasts to the case in antiparallel reconnec-
tion where the accelerated electrons are jetting along the
�x axis [Karimabadi et al., 2007; Phan et al., 2007; Shay
et al., 2007]. This type of electron velocity distribution
creates the distorted Hall electron current system and then
the observed quadrupolar structure. The current estimated
from magnetic field further verified the Hall electron current
system. The distortion of the quadrupolar structure has also
been observed in the linear theory of tearing mode
[Daughton and Karimabadi, 2005]. Another mechanism for
the generation of the quadrupolar structure is ion kinetics as
predicted by Karimabadi et al. [2004].
[23] Since the presence of the guide field, the outflow

electron current layer in the earthward part of the recon-
nection diffusion region is exerted by the Lorentz force
fz = jex � Bg(jex < 0, Bg < 0, fz > 0) in the vicinity of X line.
The force directs to the north and positively relates with the
intensity of the guide field. Hence, the outflow electron
current layer is deflected to the northern hemisphere, while
the guide field is moderate. As a result, the distortion of the
quadrupolar structure will be generated. The observations
are consistent with the recent simulation results where a very
weak guide field could strongly deflect the out jets
[Goldman et al., 2011], and also consistent with the picture
derived by Eastwood et al. [2010b] in analyzing another
guide field reconnection event.
[24] Electron acceleration mechanism is another contro-

versial issue in magnetic reconnection research. The obser-
vations have demonstrated a fair amount of magnetic energy
could be converted into energetic electrons over the energy
range from a few ten keV to a few hundred keV [Øieroset
et al., 2002; Imada et al., 2007; Åsnes et al., 2008; Wang
et al., 2010]. Electrons experience two-step acceleration
during magnetic reconnection [Hoshino et al., 2001; Imada
et al., 2007; Wang et al., 2008]. They are accelerated first
in the electron diffusion region and then further accelerated
in the pile-up regions [Hoshino et al., 2001; Øieroset et al.,
2002; Imada et al., 2007; Wang et al., 2008]. In our event,
however, an energetic electron inflow up to 10 keV is
measured in both northern and southern separatrix layers.
The fluxes of energetic electrons up to 95 keV have a clear
peak in the southern separatrix layers (the TCL). The fluxes
up to 51 keV have a slight increase in the northern hemi-
sphere (the cavity) also. These observations indicate the
energy of the inflow electrons might extend to higher
energy. According to the measurement, electrons could be
pre-accelerated along the separatrix before they enter into
the electron diffusion region. Electron acceleration in the
separatrix layer has been proposed in several PIC simula-
tions [Pritchett, 2001; Pritchett and Coroniti, 2004; Cattell
et al., 2005; Drake et al., 2005; Huang et al., 2010;
Lapenta et al., 2010]. Parallel electric field [Pritchett, 2001;
Pritchett and Coroniti, 2004;], electron holes [Drake et al.,
2003; Matsumoto et al., 2003; Cattell et al., 2005;
Andersson et al., 2009; Lapenta et al., 2011], and different
kinds of waves (e.g., lower hybrid waves) are all probably
contribute to electron acceleration in the region. As
more and more electrons are accelerated and injected into the
X-line region along the separatrix layer, a density cavity
would be formed in the outer end of the separatrix layers.
Afterwards, this cavity will elongate toward the X-line
along the separatrix layer as magnetic reconnection
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continues. So, if the spacecraft crossed the northern and
southern separatrix layers in a tilted trajectory as the orbit of
the spacecraft in Figure 2, the cavity might be just measured
in one separatrix while in the other separatrix an electron
current layer is observed. This gives us a reasonable expla-
nation why the cavity is only measured in the northern
separatrix layer while a TCL is encountered in the southern
separatrix layer in our event.
[25] Our observations verify the inflow electron thin cur-

rent layer (TCL) in the southern separatrix and the density
cavity in the northern separatrix. A possible reason for the
absence of the density cavity in the southern separatrix is
that the density cavity in the southern separatrix hadn’t
extended to the locations where the spacecraft passed by.
The measurement is dramatically different from the simula-
tion result [Pritchett and Coroniti, 2004; Pritchett, 2005,
2006] where electron density cavity is created in the south-
ern separatrix while a thin electron current layer is formed by
outflow electrons in the northern separatrix. The contradic-
tion between the observation and simulation might be caused
by the different intensity of the guide field. In the simula-
tions, ratio between the guide field Bg and the asymptotic
reconnecting field B0 is about 1. However, the ratio is only
about 0.3 in our event. Since the outflow electron layer in the
earthward part of the reconnection diffusion region is exer-
ted by the Lorentz force fz = jex � Bg(jex < 0, Bg < 0, fz > 0),
if the force is strong enough due to the intense guide field,
the outflow electron layer will overlap with the northern
separatrix. As a result, the outflow electron current layer in
the northern separatrix will be formed, as predicted in the
simulations [Pritchett and Coroniti, 2004; Pritchett, 2005,
2006].
[26] The simulations and observations indicate there is a

strong electric field perpendicular to local magnetic field
along the seperatrix layer [Pritchett, 2005; Mozer et al.,

2002]. This perpendicular electric field will drain ions in
the separatrix layer away. Because of the decrease of ions,
electrons will also escape the regions rapidly along the
magnetic field to maintain the electric neutrality. So, a den-
sity cavity along the separatrix layer will be created. This is
another possible mechanism for the formation of the cavity.
In this event, the electric field is really enhanced within the
separatrix layers. However, we cannot determine whether
the enhancement of the electric field is from the parallel
component or perpendicular components because only two
components of electric field are measured by Cluster.
[27] Multiple secondary magnetic flux ropes within the

ion diffusion region are reported here. They are all moving
earthward and were encountered earthward of the TCL.
Besides, they are measured in the southern hemisphere. In
the northern hemisphere where the outflow electron current
layer is observed, however, no magnetic flux ropes are
measured even though the spacecraft stayed there for a long
time also. The reason is still unclear. Recently, numerical
simulations suggest the thin current layer formed by the
outflow electrons along the separatrix is unstable to sec-
ondary flux ropes [Karimabadi et al., 2005; Daughton et al.,
2011; Huang et al., 2011]. In the simulations, the thin cur-
rent layer is electron scale and numerous secondary mag-
netic flux ropes could be formed in the thin current sheet
along the separatrix [Daughton et al., 2011]. Although our
observations possibly resemble the simulations, our obser-
vations are ion scale. On the origin of the observed flux
ropes in our event, another paper is being prepared to discuss
it. Anyway, the observations further confirm that the gross
X-line picture for magnetic reconnection is only an average
sense, as proposed by Nakamura et al. [2006].
[28] Figure 8 shows electric field components Ex, y (red)

from the EFW instrument and (Ve � B)x, y (black), and
magnetic field component Bz from the spacecraft C2 in the

Figure 8. (left) Electric field components Ex (red) and (Ve � B)x (black), Ey (red) and (Ve � B)y (black),
and magnetic field component Bz from the spacecraft C2. The electric field data are shown in ISR coor-
dinates and the magnetic field data are shown in GSM coordinates. (right) Scatterplots of electric field
components Ex versus (Ve � B)x and Ey versus (Ve � B)y between 10:03 and 10:13 UT excluding the
interval 1006:30 and 1008:10 UT when several spikes of (Ve � B)x were observed. The correlation coef-
ficients are displayed in the bottom.
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left. In the right, we show scatterplots of electric field com-
ponents Ex versus (Ve � B)x, and Ey versus (Ve � B)y
between 10:03 and 10:13 UT excluding the interval 1006:30
and 1008:10 UT when several spikes of (Ve � B)x were
observed. The correlation coefficients are displayed in the
bottom. It can be seen that the spike of (Ve � B)x at about
10:07 UT corresponds to the flux rope Fr1. While the spike
of (Ve � B)x at about 1007:40 UT corresponds to a further
enhancement of Bz associated with the flux rope Fr2.
Excluding this short interval, it is clear that Ey and (Ve � B)y
are significant correlated (The correlation coefficient
c.c. = 0.7). So, the electron flow velocity in x component
which we used in this paper is basically reliable. The cor-
relation coefficient between Ex and (Ve � B)x is about 0.5.
In this interval, Ex from the EFW instrument was very weak.
The average value was about 0.2 mV/m which was compa-
rable to the offset. That should be the reason for the low c.c.
The large deviation between Ex and (Ve � B)x around and
within the flux ropes is very apparent. Around the flux ropes,
electron fluxes are obviously enhanced (not shown here). It
seems electrons could be accelerated around the flux ropes.
So, the electric field within the flux ropes should be more
complicated than the 4 s average data. The high resolution
data indeed support this point (not shown). More details
about the flux ropes and associated enhancement Bz could
be found in another paper as mentioned above. On the other
hand, the flux ropes moved earthward with a velocity of
about 400 km/s which is several tens of times than the
velocity of the plasma sheet in z direction (�7.5 km/s).
Electron temperature gradient around the flux ropes is
strong. There are at most two data points within the flux
ropes. In other words, the electron moment calculation
around the flux ropes might be affected by time aliasing due
to such quick motion of magnetic flux ropes.

4. Conclusions

[29] Using the Cluster observations in the near-Earth
magnetotail, we explored a magnetic reconnection event
with a moderate guide field, about 30% of the magnetic field
in plasma sheet boundary. Cluster passed through the mag-
netic reconnection site from tailward to earthward, and then
crossed the earthward part of the ion diffusion region from
south to north. The crossing of the earthward diffusion
region is studied in detail and several main conclusions are
presented as follows.
[30] 1. During the crossing of the ion diffusion region

earthward of the X-line, electrons flowing into the X-line
are observed along both the northern and southern separatrix
layers. These inflow electrons form the electron current
directing away from the X-line. Between both separatrices,
electrons are mainly jetting out from the X-line. The electron
current density gets its maximum at the By � Bg reversal
region. This kind of electron current system produces the
observed distorted quadrupolar structure of Hall magnetic
field.
[31] 2. In the northern separatrix layer, an electron density

cavity is detected, while in the southern separatrix, instead of
a density cavity, a thin current layer is identified. The current
is streaming out from the X-line and is formed due to the
inflow electron. The thickness of the TCL and the cavity is
about the ion inertial length. The length of the TCL can

achieve 30 c/wpi. This asymmetry between the northern and
southern separatrix layers is reported for the first time.
[32] 3. In the northern and southern separatrix layer,

inflowing electrons up to 10 keV are detected. Energetic
electron (up to 90 keV) fluxes have an evident increase in
the separatrix layer. That means the energy of the inflow
electrons might extend to higher energy. So, electrons could
be pre-accelerated along the separatrices before they are
ejected into the electron diffusion region. More energetic
electrons are observed in the TCL than in the cavity.
[33] 4. Multiple secondary magnetic flux ropes are

observed inside the ion diffusion region. All the secondary
magnetic flux ropes were moving earthward and were
detected in the earthward of the observed TCL.
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